Abstract Effluents from the leather processing generally are discharged into rivers or are used to irrigate farmland. The biogas production from the digestion of sludge produced could be used as alternative sources for energy and power generation. A study was carried out to examine the effects of various electron acceptor amendments on biogas production from Mexican tannery sludge. Two bench scale experiments were performed: The first experiment used different electron acceptors (nitrate, iron and sulfate) and three different levels for each variable (4.5, 9.0 and 13.5 mg/mL); in the second only urea was used as a nitrogen source with three carbon/nitrogen ratios (6.0, 8.0 and 11). It was found that the reactors with nitrate as electron acceptor (4.5 mg/mL) generated the most biogas (200 mL of biogas accumulated in 25 days). Similarly, the reactors with the lower ratio of carbon/nitrogen (6.0) produced larger biogas production (131.50 ± 19.1 mL of biogas) in a shorter period of time (9 days). The results also showed that the addition of glucose did not significantly influence the production of biogas.
Introduction
The tanning industry is known as one of the most highly polluted industries in the world and could have environmental effects on soil, water and the atmosphere. It generates a high volume of liquid and solid wastes (Estrada and León-Ramírez 2002) , particularly in Guanajuato, Mexico, where large number of companies in the footwear industry reside (SDES 2012) . Although these industries have installed treatment plants for their organic waste, these plants still generate a large quantity of sludge which has introduced a new complication by requiring adequate disposal (Crites and Tchobanoglous 2000) .
Anaerobic digestion is one of the options that can be used to treat tannery waste sludge as well as an alternative energy production source. Thus, the waste can be used for the production of biogas to be used as an alternative fuel source (Campos et al. 2008; Haugen and Lindley 1988; Lo et al. 1983; Macias-Corral et al. 2005; Ong et al. 2000) . Green energy derived from these wastes is counted toward carbon neutrality and offsets fossil fuel gases utilization (Weiland 2010) . It is well known that anaerobic processes require both macro-and micronutrients as well as trace elements (Weiland 2010) for biogas production. Many studies have been developed using crops as the only substrate providing nutrients for microbial respiration (Abdoun and Weiland 2009; Jarvis et al. 1997; Weiland 2010) . Several studies have shown that combinations of feed stocks, manure, organic wastes from agriculture-related industries and food waste could also produce good biogas yields (Aubart and Bully 1984; Bouallagui et al. 2004; Choorit and Wisarnwan 2007; Jimenez et al. 1989; Thangamani et al. 2010 ). Both Kumar et al. (2008) and Thanganami et al. (2010) reported that anaerobic digestion is a feasible treatment of tannery waste to reduce biomass and produce biogas.
Sludge from tannery wastewater plants represents a challenge for biogas production. Tannery sludge contains tannin concentrate and stable protein complexes which could make them resistant to microbial decomposition and prevent methanogenesis, the biological production of methane (Gupta and Haslam 1989; Thangamani et al. 2010) . Concentration of tannins in the order of 0.3-2.0 g/L strongly inhibited the methanogens (Gupta and Haslam 1989) . In addition, tannery sludge is deficient in the necessary nutrients (electron donors/acceptors) which could affect the biogas production (Weiland 2010) . All of them become the rate-limiting step for biogas production. Undissolved compounds take more time to be metabolized, whereas soluble carbohydrates required few hours to become hydrolyzed (Weiland 2010) . Therefore, specific studies to determine nutrients requirements are needed to evaluate the tannery sludge in biogas production. The objective of this study is to determine the biogas production from anaerobic digestion of sludge obtained from a tannery wastewater plant in central Mexico using different carbon-to-nitrogen (C/N) ratios and electron acceptors. This paper presents the results of a bench scale experiment conducted in batch mode at the Experimental Laboratory in the Universidad de Guanajuato covering an 8-month period in 2011-2012.
Materials and methods
To determine the production of biogas from sewage sludge in a tanning industry sewage treatment plant, two sets of experiments were conducted.
Sludge
Sludge used for these treatment experiments was obtained directly from the wastewater reservoir of a tannery company. Sludge composition can be found on Table 1 . It must be noted that this company does not use chromium during the tanning process. The sludge used in these experiments was obtained at 20 cm below the surface. The sludge was generally light brown in color, while some areas were white. This sludge showed higher amount of iron and lower Tchobanoglous et al. 2003) . Also, nitrogen content was lower than data published for digested sludge from a conventional wastewater treatment plant (Tchobanoglous et al. 2003) , but higher than found in the tannery effluent composition (Cooman et al. 2003) . Reported total dry solids are lesser compared with those present in the sludge (between 76 and 98 % lower). Amount of organic carbon is significantly superior in the sludge in contrast to the effluent (97.6 %, Table 1 ). The sludge was frozen and stored until use at -2°C.
Effect of electron acceptors on the production of biogas Batch reactors were set up to estimate the conditions that produce biogas using different electron acceptors. An experiment was set up using a design factorial of 3 3 (Table 2 ). Three independent variables [ratio sludge/water, type of electron acceptor and electron acceptor (EA) amount] and three different levels for each variable (low, medium and high) were established. The amounts of electron acceptors (nitrate, iron and sulfate) were determined based on the reports from Jackson-Moss and Duncan (1990), Schattauer et al. (2011) and previous study (RuizAguilar et al. 2002) . The range used for all electron acceptors was between 4.5 and 13.5 mg/mL. The sludge moisture content was determined to be 85.36 ± 0.19 %. The final volume of each treatment (20 mL) was determined based on the sludge moisture content. In all cases, potable tap water was used to adjust the volumes. The frozen sludge samples were allowed to thaw at room temperature (25 ± 2°C) before use. Then it was homogenized in a container with the aid of a manual stirrer and added to each reactor as defined by the experimental design ( Table 2 ). The combinations of levels of the factors led to prepare 27 treatments (Table 3) . Reactors were prepared using 80-mL serological bottles, replicated six times. Initial sampling (81 bottles) and final samples (81 bottles) resulted in a total of 162 bottles. The serum bottles were sealed with Teflon septa and an aluminum clamp. This setup enabled the measurement of the volume of biogas production continuously and without disturbing its contents. All treatments were performed at 25 ± 2°C. Words reactor and bottle will be used alike in the text to represent the treatments.
Controls were: (a) sludge-treated water (sludge/water ratio 1:1) without electron acceptor to determine the amount of biogas produced in the absence of the acceptor and (b) an abiotic control treated with sterile (inactive) sludge/water (sludge/water ratio 1:1) to set the system changes related to non-biological processes. The controls were prepared under the same conditions and were treated in the same manner as the treatments. Control values were subtracted from all treatments.
Effect of varying the ratio of C/N on the production of biogas
In the second set of experiments, using results generated from the first experiment, the optimum conditions were EA initial amount added (EAI) (mg/mL) 4.5 9.0 13.5 determined and utilized to vary the carbon/nitrogen (C/N) ratios to determine their impact on biogas production. In order to improve the production of biogas from sludge, statistical analyses were carried out to determine the effect of C/N ratios on biogas production. Three treatments were prepared with three different ratios of C/N (6, 8 and 11) and supplemented with urea without any electron acceptor. In addition, a fourth treatment experiment with only glucose (5 %) was created using C/N ratio of 11. It has been shown that glucose could increase the solubility of tannins avoiding a precipitation processes (Harbertson et al. 2013) , keeping them available for microorganisms. Additional carbon source favored rapid production of enzymes which, in turn, cleaved tannins and provided a continuous supply of carbon source for growth (Ganga et al. 1978) . To make adjustments in ratios, the carbon content was not changed, only the content of nitrogen varied, and pH was adjusted to eight. As in the previous experiment, the treatments were prepared in serological bottles (80 mL) sealed with Teflon septa and aluminum clamp, in triplicate. Water from the tanning treatment plant was used to adjust the final volume to 20 mL. Determination of the glucose concentration was attempted for the glucose treatment. However, the sludge mixture's color interfered with the colorimetric testing.
EA Electron acceptor
Thus, it was difficult to establish the concentration, so it is not reported here. Total solids, pH, nitrogen content, organic carbon and organic matter analyses were performed at the beginning and at the end of the incubation period (30 days) at controlled temperature of 30 ± 1.0°C.
Analyses
The samples were analyzed at the beginning and at the end of the each experiment. The analyses were made immediately after the sampling, and when it was not possible, samples were stored in freezer (-2°C) until their use. Moisture content determination was done using an OHAUS moisture balance (model MB45, USA). The balance was programmed to work at 100°C and stopped when a constant weight was reached. The moisture content was established by considering the difference of initial and final weight. The pH measurement was taken directly from the contents of each bottle with the aid of a pH meter (accumet basic AB15, Fisher Scientific, USA). Total nitrogen was determined by Kjeldahl's methods (Cotín 1976) . Organic matter and organic carbon were measured according to the method of Walkey and Black (Jackson 1976 ). The C/N ratio was calculated by dividing the percentage of organic carbon by the percentage of total nitrogen in each treatment. The biogas produced in each treatment was measured by extracting the biogas through plastic syringes (every 3 days for the bottles containing nitrogen as an electron acceptor and every 7 days for those containing sulfate and iron). Daily sampling started when bubbles were observed on the surface of the bottles contents. The biogas produced in each treatment was analyzed by gas chromatography with TCD and FID detectors (Buck Scientific, Model 910, USA). 10 lL of biogas sample was injected into the gas chromatograph and allowed to run isothermally for 30 min at 250°C. Only samples that showed a significant amount of biogas were analyzed (when volume was higher than 5 mL). An ANOVA and Tukey's test were done using Minitab program (version 16.2).
Results and discussion
Effect of electron acceptors on the production of biogas
The 3 3 experimental factorial design was developed to establish the production of biogas from sludge from a tannery wastewater treatment plant. Different treatments were observed to have different colorations according to the type of electron acceptor added. For example, sulfatecontaining treatments showed a light brown color, while those containing iron darkened to almost black bottoms. The coloration remained during the entire experiment (30 days). Analyses were performed at the beginning and after 30 days of incubation. This section will discuss the effect of various electron acceptors on biogas production. Since nitrogen presence on the sludge could interact with the electron acceptor and have an influence on biogas production (Thangamani et al. 2010) , its content was calculated for all treatments regardless of type of electron acceptor added.
Electron acceptor: nitrate
Initial nitrogen content decreased for all treatments (Table 4) except the treatments containing a sludge/water ratio of 1:5 and 4.5 mg/mL of electron acceptor. Interestingly, the main decreases in nitrogen content were found in treatments containing a 1:5 sludge/water ratio and with intermediate and high values for the electron acceptor (86.84 and 88.64 %, respectively). However, the treatments that contained a higher proportion of sludge (1:1) resulted in the nitrogen reduction of 35.9 %. An analysis of variance of the data was found to be highly significant (p \ 0.001, a = 0.05) for all variables studied (sludge/ water ratio and concentration of electron acceptor). In regard to the pH value, an increase was observed for all treatments (from 13.40 to 19.37 %; data not shown). The largest variations were for treatments containing a sludge/ water ratio of 1:5 (pH increased up to 1.9 U). Similarly, content of organic matter decreased in all treatments (Table 4 ). The highest reduction in organic matter was observed for reactors containing a sludge/water ratio of 1:3, with the greatest variation observed in treatment with 13.5 mg/mL of the acceptor (80.07 %). The decrease of nitrogen was lower for bottles with sludge/water ratios of 1:1 and 1:5. An analysis of variance found that the sludge/ water ratio variable was significant (p = 0.036, a = 0.05), whereas the concentration of the electron acceptor was determined not to be significant with a p value = 0.336 (a = 0.05). This confirms that the amount of sludge has an affect on the organic matter content in the bottles. Therefore, the amount of sludge present affects both the nitrogen content and the amount of organic matter in the treatments when nitrate is present.
Electron acceptors: sulfate
In the case of treatment with sulfate as the electron acceptor, the greatest nitrogen depletion was in the treatment with sulfate concentration of 9 mg/mL and the sludge/ water ratio of 1:1 (91.41 %) (Table 4 ). This reduction was slightly higher than those found when adding nitrate (2.77 % difference). However, reactors with low (4.5 mg/ mL) and high (13.5 mg/mL) concentrations of sulfate with sludge/water ratios of 1:1 and 1:5 showed no decrease in nitrogen concentrations (Table 4 ). In contrast, treatment with medium concentration of sulfate (9.0 mg/mL) with sludge/water ratio of 1:5 showed an increase in nitrogen of twofold. This increase may be due to the reduction in sulfate via assimilation where the H 2 S is formed and get converted to organic sulfur in the form of amino acids (Madigan et al. 2004) . By applying the analysis of variance, no significant difference in nitrogen concentrations between treatments for both the sludge/water ratio (p = 0.657, a = 0.05) and the concentration of sulfate used (p = 0.818, a = 0.05) were found. This may be attributable to the great variability of the data (75 %) that do not allow the interaction between variables to be determined. For the variation in pH, this changed drastically as time passed. Variations ranged from 4.14 to 16.33 %. The smallest pH variation was found in bottles with a sludge/water ratio of 1:3 and sulfate concentrations of 4.5 and 9.0 mg/mL. However, one exception was found with the highest concentration of the acceptor (13.5 mg/ mL) where the variation was approximately 11 %. Drastic pH changes were also observed for samples containing a sludge/water ratio of 1:1, where changes in units were 1.5 higher. The rest of the treatments were found to have pH values close to those recommended in the literature for the correct operation of the digesters (pH of 7-8) (Weiland 2010) . It should be noted that in the bottles containing sulfate, the samples generated a strong odor of rotten eggs. This indicates a production of hydrogen sulfide (Madigan et al. 2004) , which could affect the generation of biogas (Vijayaraghavan and Murthy 1997) .
The organic matter content decreased over time in all treatments. This would indicate that the degradation of organic matter could be linked to the anaerobic process itself (Vijayaraghavan and Murthy 1997) . However, the smallest changes were found in the treatments containing the largest amount of sludge (1:1) and the more diluted reactor (1:5) (Table 4 ). For example, the amount of organic matter decreased only 6.70 % for the treatment with sludge/water ratio of 1:1 as compared with the reactor with sludge/water ratio of 1:3 where the changes were up to 81.93 %. These data can be correlated with the amount of nitrogen increase with similar treatments (sludge/water ratio of 1:3 with 13.5 mg/mL of sulfate as electron acceptor). On the other hand, the organic matter contents of each bottle remained unchanged and nitrogen reduction remained small. These observations can be confirmed by applying analysis of variance where sludge/water ratio was significant (p = 0.001, a = 0.05) and the electron acceptor concentration was not significant (p = 0.267, a = 0.05). Similar results were also found for nitrate as the electron acceptor where the ratio was also significant in the variation of organic matter content. Thus, it would confirm that increasing the proportion of the sludge in the system affects the anaerobic process and therefore, the production of biogas, rather than the different electron acceptors employed.
Electron acceptor: iron
For the case of treatments with iron, iron filings were added to each bottle according to the experimental design. These treatments were observed to have a light gray color (sometimes with white portions) to a dark, almost black in the base of the bottles. Due to the added amounts of iron, iron could has precipitated and thereby reduced the toxicity in the system (Jackson-Moss and Duncan 1990; Mudhoo and Kumar 2013) . The nitrogen content remained almost the same in treatments with sludge/water ratios of 1:3 and 1:5 during the 30 days of incubation and reactors containing 4.0 mg/mL of iron (Table 4 ). In contrast, the sludge/water of 1:1 ratio showed a decrease in the amount of nitrogen (75.52-77.65 %). This suggests that the presence of iron influenced the content of nitrogen present for this ratio. The treatment with 13.5 mg/mL of iron and a sludge/water ratio of 1:3 showed an increase in the concentration of nitrogen (112.50 %, Table 4 ). The analysis of variance found that none of the variables were significant for nitrogen reduction (p = 0.060 for the ratio, p = 0.262 for the concentration of acceptor, a = 0.05). There was a slight increase in pH values in treatments with sludge/water ratios of 1:3 and 1:5 where the increases in values of pH were 0.19 and 0.63, respectively. No pH value changes were found for more diluted bottles (data not shown). An iron solution is a buffer system served as a pH regulator as compared to the other systems with differing electron acceptors studied (e.g., nitrate or sulfate). The amount of organic matter decreased for the first two ratios (1:1 and 1:3; Table 4 ), with the latter ratio having the greatest reduction in organic material compared with the rest. In the case of the 1:5 ratio, a significant increase in the content of organic matter was detected. This increase in organic matter was mainly from samples with the highest concentrations of iron filings which achieved an increase in organic matter of 490.61 % for reactor with electron acceptor concentration of 13.5 mg/mL (Table 4 ). This behavior was expected considering that iron ions yield high results (Benton 2001) .
Biogas production with different electron acceptor
The amount of biogas production was determined at different times during the incubation period. In all treatments, gas production was detected. The treatment with the least amount of biogas produced was the one containing 4.5 mg/ mL of sulfate and a sludge/water ratio of 1:3 (39.75 mL ± 8.84). This can be attributed to the presence of sulfite and sulfate compounds that affected the anaerobic process and therefore the production of biogas (Di Berardino and Martinho 2009; Mudhoo and Kumar 2013; Vijayaraghavan and Murthy 1997) . The treatments containing nitrate, in general, continuously produced significant volumes of biogas. It should be noted that in all cases, the highest values were obtained for the ratio with greater amount of sludge (1:1). Therefore, from here on out, only data for this ratio will be shown. The accumulated biogas volume was largest for the reactor amended with 4.5 mg/mL of nitrate and a sludge/water ratio of 1:1 (335 mL ± 16.97). A cubic regression function best described the increase in biogas volume during the 30 days of the experiment; the increase was most pronounced after 18 days the start of experiment (Fig. 1) . The rest of the EA showed that biogas production was inconsistent. For example, treatment with 4.5 mg/mL of iron and a sludge/ water ratio of 1:1 reached a maximum yield of 209.60 ± 4.38 mL for the 30-day incubation period with a similar biogas production as nitrate treatment during the first 18 days, after that, biogas content starting to slow down at 24 days. Reactors with 9.0 mg/mL of sulfate and a sludge/water ratio of 1:1 had a high volume of 88.50 ± 8.85 mL (Fig. 1 ). Biogas production with this EA was slow during the entire test compared with the nitrate and iron treatments (Fig. 1) . This is represented with a steady production during the last 12 days of the incubation period. Similar effects have been found in up flow y=-0.009x 3 +0.27x 2 +7.04x-3.86 R 2 =0.9914 y=-0.007x 3 +0.29x 2 +0.34x R 2 =0.9740 Fig. 1 Maximum volume (accumulated) of biogas generated during the experiment with electron acceptors and sludge from a tannery's wastewater treatment plant. Sludge/water ratio is 1:1 for all cases. Electron acceptor concentrations are in the upper left quadrant. Points are the observed mean values, and standard deviations are shown as bars. The lines represent the cubic regression function that best describe the accumulated biogas production during the experiment anaerobic sludge blanket (UASB) reactors where the precipitation of iron could explain the increase in methane content (Jackson-Moss and Duncan 1990) . It has been shown that iron can react chemically with some of the compounds (oxides, carbonates or sulfides) present in the system under anaerobic conditions (Jackson-Moss and Duncan 1990) . This was attributable to the reaction of carbonates with iron which could reduce carbon dioxide content and increase methane production (Jackson-Moss and Duncan 1990) . This suggests that there is a relationship between the amount of the electron acceptors and the amount of sludge with biogas production. Also the content of organic matter is inversely proportional to gas generation since higher yields are found in the treatments with the lower variations of organic matter (Table 4 ). For nitrogen, the biogas production is directly proportional to nitrogen concentration. Similar results were achieved by Singh et al. (2010) which reported that the organic matter is reduced and converted to methane during anaerobic digestion of cattle waste slurry as substrate. The biogas produced was analyzed by gas chromatography, and substantial amount of methane was found in samples containing 4.5 mg/mL of nitrate as electron acceptor (90 %, Fig. 2 ). Samples were sent to different laboratories to validate our results. Quality of biogas could be considered higher than biogas production from sludge of a tannery sludge or municipal wastewater treatment plants reported elsewhere (Adl et al. 2012; Arshad et al. 2011; Di Berardino and Martinho 2009; Kalloum et al. 2011; Singh et al. 2010; Zupančič and Jemc 2010) . The increase in methane production is related to the addition of nitrate in the system. In an additional test, it was found that biogas production increased substantially when nitrate was readded to the reactors. Furthermore, there will be a need to control the pH in the medium because it tends to increase considerably in treatments that contain nitrate. Another consideration is that treatments with iron showed a significant change in biogas production over time.
Total solids
Measurement of total solids was done for all treatments. For all reactors without glucose, the total solids increased over time up to an order of magnitude, whereas the total solids decreased in bottles that contained glucose. It was found that in all cases there is a significant difference between treatments when comparing beginning with the final results (p = 0.044, a = 0.05). By applying a Tukey's test, it was found that the reactors with the C/N ratio of 11 were statistically different. This may be attributable to the presence of glucose while the remaining treatments being equal to each other (data not shown).
Determination of pH
The pH value of all treatments increased during the experiment. The greatest variation was found for the intermediate ratio of C/N = 8. It was 6.77 % higher than the initial (8.03 ± 0.02). The smallest change was for the lowest C/N ratio of 6 with a 3.72 % increase (from 8.20 ± 0.05 to 8.52 ± 0.06). Ratio of C/N 11 showed similar variations about 4.3 % (without glucose from 7.93 ± 0.12 to 8.34 ± 0.02; and with glucose from 7.99 ± 0.06 to 8.35 ± 0.12). Despite these differences, an analysis of variance was not found to be statistically significant (p = 0.071, a = 0.05).
Nitrogen content
All treatments showed an increase in the final nitrogen concentration. The reactors that had a higher content of nitrogen were the C/N ratio of 11 with glucose (80.4 % more) (Fig. 3) , unlike bottles without glucose (C/N ratio of 11) where nitrogen concentration was the lowest of the four treatments. When making a comparison of means, it was found that the C/N ratio had no significant influence in the production of nitrogen at the end of the experiment (p = 0.060, a = 0.05). This suggests that either of these treatments will generate the same amount of nitrogen, despite C/N ratio used.
Variation in organic carbon and organic matter
The content of organic carbon varied at the end of the treatments, manifesting a tendency to decrease with an increasing proportion of C/N ratios (Fig. 3) . However, the presence of glucose influenced the carbon content resulting in the greatest difference from beginning ( Fig. 3) , which was six orders of magnitude higher compared with the The final C/N ratio was measured, and all cases presented a decrease when compared to the initial concentrations. The largest difference was for the ratio of 11 with glucose; it showed a change of four times lower than the initial one. For the rest of the treatments, C/N ratios increased just threefold. The change is attributed mainly to an increase in the percentage of nitrogen found in each reactor. This is due to finding of no differences between organic carbon content at the beginning and at the end of the experiment for the various ratios, especially for the intermediary ranges. This is contrary to Weiland (2010) proposed for anaerobic processes which reported that the nitrogen content would decrease along the line of the C/N ratio.
Biogas production at different C/N ratios Biogas production was determined for different carbon/ nitrogen ratios at different times during the incubation period. In quantifying the amount of biogas accumulated during the experiment, it was found that the highest production was the treatment with a C/N ratio of 6 (131.50 ± 19.09 mL; Fig. 4 ). In this case, the highest biogas production was obtained 9 days after incubation. The biogas production is comparable to those reported by Singh et al. (2010) and Jackson-Moss and Duncan (1990) , using cattle waste slurry and domestic sewage as the growth medium, respectively (0.10-0.51 L/L Day; this work 0.2-0.43 L/L Day), but lower compared with a mixed sludge that contains tannery sludge (1.49 L/L Day; Di Berardino and Martinho 2009). The least amount of biogas generated was in the treatment with the intermediate C/N ratio of 8, where very little or no amount of biogas was detected in any of the replicates throughout the incubation period. Treatment with a C/N ratio of 11 showed a significant content of biogas production, but it was 39.5 % lower than the bottles with the lower amount of sludge (C/ N ratio of 6). These findings reflected that the biogas production was variable and dependent on the content in the feeding (Di Berardino and Martinho 2009; Thangamani et al. 2010; Zupančič and Jemc 2010) . In the reactors with glucose (C/N ratio of 11), biogas production was up to 87 % lower compared with the treatment without glucose (C/N ratio of 11). The data suggest that the presence of glucose was not necessary in the generation of biogas from tannery sludge. The results confirm the previous experiment with different electron acceptors where a proportional relationship between the amounts of nitrate and the production of biogas was found.
The biogas produced was also analyzed by gas chromatography. Methane was detected in samples injected in The lines represent the cubic regression function that best describe the accumulated biogas production during the experiment. G Glucose added (5 %) similar proportions to the first experiment with different electron acceptors. When comparing the chromatograms between C/N ratios of 6.0 against 11, it was found that the areas detected in both cases were very similar (27.78) which correlated with the same amount of methane detected. However, the lower C/N ratio achieved the maximum methane production 19 days earlier than the higher ratio treatment (first experiment 25 days). This would be an advantage when designing a biodigester, as it could generate methane at a faster rate. However, further studies on whether gas production from tannery digestion will be sufficient for use as a fuel source or power generation for practical use are needed (Zupančič and Jemc 2010) . Based on these results, the C/N ratios should be considered one of the important parameters in designing of an anaerobic digester for tannery sludge to obtain the optimum amount of biogas production, especially for methane production.
Conclusion
To determine the feasibility of using sewage sludge from a tannery wastewater treatment plant for the production of biogas, two experiments were carried out. In the first experiment, treatments were performed with different electron acceptors to determine their effects on the production of biogas. The first result showed that the treatments containing nitrate as an electron acceptor had a higher biogas production. The optimum conditions for biogas production occurred when the amount of nitrate was low (4.5 mg/mL) or limiting, and the sludge-to-water ratio was set at one-toone. Based on the results from the first set of experiments, a second experiment was set up with three treatments with different ratios of C/N (6, 8 and 11). We found that the increased production of biogas was achieved when working with the smallest C/N ratio of 6. In general, it can be concluded that increasing the proportion of the sludge (a sludge-to-water ratio of one-to-one) in the system affects positively the anaerobic processes which resulted in increased biogas production. Nitrogen (as nitrate and urea) showed a positive influence on the process and should be considered during anaerobic digestion of tannery waste to improve biogas production. Also, temperature influence and type of reactors should be considered in the process since the tests were performed at 25 ± 2°C and batch conditions (Alvarez et al. 2006; Zupančič and Jemec 2010) . In addition, it may be possible to retain the effluent from this tannery digestion for fertilization purposes since the digest rate consisted of nutrient sources for crop production. However, further studies are needed to examine the agronomics benefits of these tannery digestion effluents. This work represents one of the few reports relating to the production of biogas from tannery sludge from a Mexican wastewater treatment plant.
